In 1954, a virus named Wad Medani virus (WMV) was isolated from Hyalomma marginatum ticks from Maharashtra State, India. In 1963, another virus was isolated from Sturnia pagodarum birds in Tamil Nadu, India, and named Kammavanpettai virus (KVPTV) based on the site of its isolation. Originally these virus isolates could not be identified with conventional methods. Here we describe next-generation sequencing studies leading to the determination of their complete genome sequences, and identification of both virus isolates as orbiviruses (family Reoviridae). Sequencing data showed that KVPTV has an AT-rich genome, whereas the genome of WMV is GC-rich. The size of the KVPTV genome is 18 234 nucleotides encoding proteins ranging 238-1290 amino acids (aa) in length. Similarly, the size of the WMV genome is 16 941 nucleotides encoding proteins ranging 214-1305 amino acids in length. Phylogenetic analysis of the VP1 gene, along with the capsid genes VP5 and VP7, revealed that KVPTV is likely a novel mosquito-borne virus and WMV is a tick-borne orbivirus. This study focuses on the phylogenetic comparison of these newly identified orbiviruses with mosquito-, tick-and Culicoides-borne orbiviruses isolated in India and other countries.
INTRODUCTION
In 1959, a group of viruses previously classified as enteric cytopathic human orphan (ECHO) virus type 10 but varying in certain properties was referred to as reovirus. The term 'reo' suggests the origin of the viruses, being isolated from respiratory and enteric tract samples of animals and not linked with any disease [1] . Infection with these viruses in humans is generally benign, comprising of flu-like illness and gastrointestinal symptoms. Exposure to reoviruses is quite common, and antibodies have been detected in the majority of human adults studied. The Reoviridae family is composed of 15 genera, included within two subfamilies, known to infect plants, insects, fish, animals and humans. In the family, four genera, namely, orbiviruses, rotaviruses, orthoreoviruses and coltiviruses, infect animals, including humans, whereas four other genera infect insects and plants and one infects fish.
Orbiviruses cause disease in several vertebrate species, including humans, ruminants, horses, rodents, bats, marsupials, sloths and birds. Vectors for these viruses include Culicoides midges, mosquitoes, black flies, sandflies and ticks [2] . Orbiviruses are widely distributed and contain 21 recognized species with multiple serotypes [3] [4] [5] . Orbiviruses are non-enveloped viruses with icosahedral symmetry; the genome consists of 10 double-stranded RNA (dsRNA) segments that vary in length. Of these, 7 segments code for 7 structural proteins and a non-structural protein (VP1, VP2, VP3, VP4, VP5, VP6, VP7 and NS4) and 3 segments code for 3 non-structural proteins (NS1, NS2 and NS3 and NS4). Electrophoretic mobility patterns of RNA segments are distinct for each serogroup [6, 7] . VP2 and VP5 are the major outer capsid proteins, while core particles consist of two major proteins, VP3 and VP7, and three minor ones (VP1, VP4 and VP6) [8] [9] [10] . VP1 is the virion-associated RNA-dependent RNA polymerase (RdRp), and VP6 possesses various enzymatic activities [11, 12] . Non-structural protein NS1 has been predicted to be involved in virus assembly. NS2 is the only virus-specific phosphoprotein and possesses ssRNA-binding activity. NS3 and NS3A are integral membrane glycoproteins involved in the release of virus particles from infected cells [9, 13] . NS4 is encoded within the segment which also encodes VP6 (S9) [14, 15] . VP1 and VP7 amino acid sequences are highly conserved among all orbiviruses [16] and are frequently used for phylogenetic analysis of orbiviruses. Being conserved, they can be used to determine the relatedness of an unknown isolate with other viruses of the same family. Variation is also observed at nucleotide (nt) and amino acid (aa) levels for the different isolates that are obtained from different parts of the world (Asia, Australia, Africa and North America), and this might also be due to mutations and reassortment of genes.
The genus Orbivirus also includes 14 unclassified virus isolates that have been identified by various serological assays [17] [18] [19] [20] [21] . Apart from serological assays, sequencing methods can be used to identify and classify new orbiviruses. The availability of complete genome sequencing technologies has led to both the characterization of previously known viruses and the identification of previously unknown ones. This, in turn, has led to the development of better diagnostic tools along with data generation that can be used to study phylogenetic relationships leading to novel virus classification. One of the examples of next-generation sequencing (NGS)-based identification is the confirmation of equine encephalosis virus (EEV) isolate, a Reovirus, isolated from a dead horse in 2008 from India [22] . EEV identification was performed on the basis of the similarities estimated from different viruses and was used to identify the appropriate group of the isolated viruses [22] .
In this study, we used NGS for identification and characterization of two reoviruses. First, we characterized Wad Medani virus (WMV), which was initially isolated in Sudan from Rhipicephalus sanguineus ticks in 1952. Recently, the complete genome sequence of the Sudan WMV isolate was published, giving a lead to characterizing the Indian WMV isolate and other members of the WMV species [23] . The Indian WMV isolate was identified from our historic virus repository collection that was isolated in 1954 from a Hyalomma marginatum ticks pool collected in Pune, Maharashtra, India. Second, we characterized another virus isolated in 1963, from blood samples collected from Sturnia pagodarum, a Brahmani Myna bird, in Kammavanpet, Tamil Nadu, India. It was named Kammavanpettai virus (KVPTV) based on the location where the bird was captured. Blood samples collected from Sturnia pagodarum were initially screened for Japanese Encephalitis virus (JEV). The results for JEV were negative. Electron microscopy investigations determined the virus to be morphologically similar to viruses of the family Reoviridae [24] . However, to date, the virus remained otherwise uncharacterized, as no other information was available. In the current work, we have characterized both the Indian KVPTV and Indian WMV using NGS. The results of this study indicate that KVPTV has an AT-rich genome whereas WMV has a GC-rich genome. Analysis of the RNA-dependent RNA-polymerase (RdRp) demonstrated some interesting features, especially the motif-C of RdRp wherein 758th position with respect to KVPTV was found to be specific depending on the vector that carried the virus. Information about the source from which Sturnia pagodarum became infected was unavailable. The phylogenetic analysis helped to identify the possible vector that led to the transmission of the virus to the bird. From the sequence of KVPTV isolated from Sturnia pagodarum, it was determined that KVPTV was a mosquitoborne infection.
RESULTS
Virus isolation using in vivo and in vitro methods Newborn CD1 mice (0-2 days old) inoculated with KVPTV or WMV demonstrated no clinical signs 24 h after infection. Infected mice were similar to control groups on the 1st DPI. Mice infected with WMV started showing clinical signs by day 2 and those infected with KVPTV on day 3 after infection. As a result of this, these mice showed significant reductions in body weight compared to control animals Fig. 1(a) . The major clinical signs include inappetence in suckling mice and severe reduction in mobility, and were similar in mice infected with KVPTV and WMV. WMV infection in mice showed 100 % mortality on the 3rd day after infection whereas KVPTV infection in mice exhibited 60 % mortality till the 10th day after infection Fig. 1(b) . Our findings are in agreement with previous studies noting that infant CD1 mice were susceptible to infection with WMV and KVPTV [23] (Table 1) .
A clear CPE pattern was observed in VeroCCL-81 and BHK-21 cells infected with WMV on the 2nd day of the 1st passage (Fig. 2) . The TCID 50 titre of the WMV stock was found to be 10 5.48 /ml for BHK-21 cells. CPE was not observed in VeroCCL-81, Vero-E6, PS or BHK-21 cells infected with KVPTV even after three blind passages. Uninfected control cells had no cellular changes. We observed that WMV was capable of causing cellular cytopathic effects (CPE) in the cell lines, whereas KVPTV could not cause any CPE in cell lines used for the analysis (Table 1) .
Genome sequencing using NGS platforms
De novo assembly of the paired-end reads generated a total of 3963 and 1325 contigs with an average length of 478 nt for WMV and 836 nt for KVPTV. BLAST analysis of contigs from WMV led to the identification of the virus along with the retrieval of its genome. Since no reference sequence for KVPTV was available, BLASTx was used to identify different segments based on the percentage identity of the encoded protein. The gene protein assignment of the novel KVPTV isolate was based on its similarity to the other closely related viral segments. Details regarding the genomic segments from these viruses are given in Table 2 .
The genome sequence of KVPTV was 18 234 nt and that of WMV was 16 941 nt. The genomic segments of KVPTV ranged 852-3939 nt in size and encoded proteins of 238-1290 amino acids in length. WMV genomic segments ranged from 665-3918 nt and encoded proteins of 214-1305 amino acids in length. During the sequencing of KVPTV and Wad Medani, we were able to retrieve the NTR region for a few segments during this NGS run that are given in the analysis ( Table 2 ).
Molecular characterization and phylogenetic analysis of orbiviruses
The VP1 (segment1) gene segment of orbiviruses encodes a RdRp. Fig. 3 depicts the characteristic signatures of RdRp of the orbiviruses used in this study compared to previously published RdRp sequences [25] . Reference positions are marked as for KVPTV. Motif A of orbiviruses appears to have a conserved aspartate ( 590 DYSD/EY/FD 595 ), and [25] . The motif C sequence of the orbiviruses in our study was SExYVGDD, corresponding to the conserved 761 GDD 763 motif C [25] . An interesting feature observed in this motif case is position x, where Culicoides-borne viruses have a polar, hydrophilic glutamine (Q), whereas tick-borne viruses have a hydrophobic, non-polar methionine (M) and mosquitoborne viruses have either M or a threonine (T). Motif D of the studied viruses had the conserved lysine (K) and glutamic acid (E) residues, and motif E contained the conserved hydrophobic residues observed between the palm and the thumb structural domains of the RdRp protein [25] . Motif F is divided into subdomains and is composed mainly of K and R, whereas motif G has the conserved sequence 372 SX (9)GYGRAW 387 . The genome segment sequences of KVPTV and WMV were compared to sequences of Culicoides-borne, tick-borne and mosquito-borne orbiviruses (Table S1 , available in the online version of this article). RdRp is the largest protein encoded by orbiviruses. A neighbour-joining tree was generated for a VP1 protein of KVPTV and WMV along with all the reference orbiviruses. The tree demonstrated that the KVPTV isolate grouped with the mosquito-borne orbiviruses, as predicted by its GC content (Fig. 4) . KVPTV VP1 was most similar to that of Umatilla virus VP1 (64 % amino acid identity), and least similar to St. Croix River virus VP1 (39 % identity), indicating that KVPTV is likely to be a mosquito-borne virus. WMV VP1 showed the highest amino acid similarity with Chenuda virus VP1 (54.6 %) and lowest to bluetongue virus VP1 (42.7 %), classifying it as a tickborne virus.
VP7 and VP5 are the major capsid proteins in orbiviruses. VP7 forms the inner capsid structure, and VP5 is the outer capsid protein. VP7 seems to be more conserved than VP5. P-distance analysis of KVPTV VP7 and VP5 revealed that they are most closely related to analogous genes of Umatilla virus VP7 and VP5, with an amino acid difference of 34.5 and 43.3 %, respectively (Table S1 ). African horse sickness virus and WMV showed higher divergence in their VP7 and VP5 genes. Phylogenetic analysis of the VP7 and VP5 segments of KVPTV grouped this virus with Culicoides-borne orbiviruses and WMV with tick-borne orbiviruses (Fig. 5a,  b) , similar to classification based on the VP1 gene.
DISCUSSION
In previous years, clinical signs, host range, vectors and serological assays were used to distinguish different serogroups of orbiviruses. Owing to significant similarities of the abovementioned features among members of the genus Orbivirus, family Reoviridae, the use of serological assays to differentiate among similar viruses is challenging. Such methods require different reference virus strains and corresponding antisera representative of all the different viral serogroups, which is a significant limitation. The present study, therefore, focused on delineating the genome sequences of WMV and KVPTV isolates and comparing these to those of other members of Orbivirus genus. Comparing genomic sequences provides a basis for further studies of molecular epidemiology and also for precisely grouping serotypes and topotypes [26] . For example, Sathuvachari virus was isolated from the same bird species at the same time as KVPTV in Vellore, Karnataka State, India. Recently, however, this virus was characterized as a new mosquito-borne prototype that was grouped with Tagtag virus [27] . Although phylogenetic analyses identified Sathuvachari virus and KVPTV to be a mosquito-borne virus, the exact vector species along with the roles played by these viruses in human or animal disease are yet to be understood.
Next-generation sequencing (NGS) was used for identification of the clinical samples obtained from the patients. The routine clinical bacteriological diagnostic is time-consuming: the use of NGS would lead to a reduction in the entire process [28] . NGS-based analysis can be used to identify viruses that cannot be cultivated in the laboratory. It can also be used in the diagnosis of viruses that are evolving and for which current diagnostic methods are yet to be developed [29] . Several reports are available that demonstrate the NGS capabilities in the sequencing of the unknown isolates [30, 31] .
During a study to understand the potential source of JEV, 1500 birds were caught in 1962. These samples were tested for JEV and found negative; however, seven other viruses were isolated in this analysis. Similarly, another NGS study was conducted on a necropsy sample of a dead horse received from a horse farm. The analysis of this sample demonstrated that it was negative for West Nile virus, JEV and equine influenza. However, NGS-based characterization of the sample led to the identification of the causative agent as an equine encephalosis virus, a Culicoides-borne orbivirus [22] .
KVPTV was one of the isolates from the blood sample of a Brahmani Myna bird at Kammavanpet ,and it remained uncharacterized until this study. The VP1 gene of KVPTV encodes the RdRp (1298 amino acid), which is required for replication and transcription of RNA viruses. Characterizing RdRp of reoviruses led to the identification of the seven different motifs required for its activity. Apart from the other motifs, a unique feature was observed in motif C, present on the RdRp segment, of Reoviruses. Motif C has a specific amino acid (M, T or Q) depending on the vector responsible for the transmission of the virus. Presence of M and T amino acids in position 'x' occurs due to a change in the second and third codon bases to CG/CC, demonstrating that mosquito-borne orbiviruses have evolved from tick-borne orbiviruses. The change in these amino acids may be due to the potential role of evolutionary pressure [32] . Orbiviruses vary in GC content depending on the viral vector: mosquito-borne orbiviruses have the lowest GC content (39-45.9 %), followed by Culicoides-borne (36.7-45.1 % GC), with tick-borne orbiviruses having the highest GC content (51.9-58.1 %) including St. Croix River Virus [23] . Thus, Culicoides-and mosquito-borne orbivirus genomes are generally AT-rich, whereas tick-borne orbiviruses have GC-rich genomes. The average GC content observed for KVPTV was 41.7 %, suggesting that KVPTV may be Culicoides-or mosquito-borne. The GC-rich genome of WMV (54 %), on the other hand, indicates that it may be a tickborne orbivirus [23] .
Gu et al. demonstrated the existence of a correlation between the mutational and amino acid composition in the dnaA gene of Escherichia coli and presented the key role of GC content in amino acid nature. An interesting observation, that changes in the amino acid at a specific position, adjacent to an important site, suggested a role for environmental pressure [33] .
Phylogenetic analysis of the VP1 gene demonstrated that KVPTV clustered with the mosquito-borne orbiviruses, having a maximum amino acid identity of 64 % with Umatilla virus. WMV clustered with the tick-borne virus group, with a maximum amino acid identity of 54.6 % with Chenuda virus. It was observed that the average Fig. 4 . VP1 gene phylogenetic tree: neighbour-joining tree constructed using the Tamura-Nei model was used to calculate the evolutionary distance between 20 orbivirus VP1 gene sequences. Robustness of the tree was evaluated using a bootstrap method involving 1000 re-samplings. The number on the branches denotes bootstrap value.
evolutionary divergence of Culicoides-borne viruses (0.38) was less than that of both mosquito-(0.41) and tick-borne viruses (0.47). This indicated that Culicoides-borne viruses have a more conserved VP1 gene than mosquito-borne viruses, while tick-borne viruses are somewhat more divergent, suggesting the role of viral vectors in their compositional bias.
The present study focused on identification of two unknown virus isolates followed by determination of the genome sequence of WMV and KVPTV and their comparison to other members of Orbivirus genus. Both tick-and mosquito-borne viruses are known to spread infection worldwide. Complete characterization of the newly identified mosquito-and tick-borne orbiviruses will help in the development of diagnostic reagents for identification of these viruses in future outbreaks or retrospective analysis.
METHODS

Laboratory mice
All animal experiments were performed on infant mice (0-2 days old) that were procured from the animal house of the ICMR-National Institute of Virology (NIV), Pune, India.
Virus isolation using in vivo and in vitro methods KVPTV (NIVID-66413) and WMV (NIVIDG-673) isolates were originally isolated using intra-cerebral inoculation of CD1 mice. Lyophilized mouse brain-derived isolates were procured from the virus repository of the ICMR-NIV, Pune, India. Two different batches of mice were used, one each for KVPTV (NIVID-66413) and WMV (NIVIDG-673) isolates. Newborn CD1 mice (0-2 days old) were inoculated with KVPTV and WMV. All mice were observed twice daily after inoculation and were euthanized upon the appearance of signs of illness. Mice were euthanized when signs including no intake of food and severe reduction in mobility were observed.
The mice were euthanized by administration of >10 % isoflurane, followed by cervical dislocation. Mouse brains were harvested as a 10 % suspension (w/v) in 1.25 % BAPS (PBS supplemented with bovine albumin). Mouse brain-derived virus isolates of WMV and KVPTV were centrifuged at 4500 g for 5 min. Two more passages were performed in Fig. 5 . Phylogenetic tree of VP5 and VP7 genes: A neighbour-joining tree constructed using the Tamura-Nei model was used to calculate the evolutionary distance among 20 orbivirus VP5 (a) or VP7 (b) sequences. Robustness of the tree was evaluated using a bootstrap method involving 1000 re-samplings. The number on the branches denotes bootstrap value.
mice using the 10 % mouse brain suspension. The supernatant (20 µl) was used for inoculation of newborn CD1 mice (0-2 days old) intra-cerebrally, these having been were obtained from the animal house of NIV, India. Harvested brain samples from the passaged mouse groups were also prepared in a similar way to that described above and stored at À80 C to be further used as virus stock.
Both KVPTV and WMV isolates obtained from the above step were inoculated into African green monkey kidney (Vero CCL-81), Vero-E6, porcine stable (PS) and baby hamster kidney (BHK) cells to study the cytopathic effects. The cells were grown in Eagle's minimum essential medium (EMEM; Gibco, Grand Island, NY, USA) supplemented with 10 % fetal bovine serum (FBS; Gibco), penicillin (100 U ml
À1
) and streptomycin (100 mg ml
) in individual T25cm 2 tissue culture flasks. Infected cells were incubated at 37 C with 5 % CO 2 . Infected cell cultures were examined for the presence of cytopathic effects (CPE) using an inverted light microscope (Nikon, Melville, NY, USA). Cellular morphological changes were recorded using a camera (Nikon, USA). After CPE determination, the virus was titrated in BHK-21 cells. Uninfected cells were used as cell control for the study.
Genome sequencing using NGS platforms Total RNA extractions were performed on the supernatants and pellets obtained from cell cultures of the WMV isolate and mice brain suspension of KVPTV. RNA extractions for the isolates were performed using the QIAmpviral RNA extraction kit (Qiagen, Germantown, MD, USA) following the manufacturer's instructions, with slight modifications to concentrate the virus as described earlier [31] . The RNA was eluted with 50 µl elution buffer provided with the kit. RNA concentration was determined by Qubit2.0 Fluorometer (Thermo-Fisher, Grand Island, NY, USA) using the Qubit RNA High Sensitivity kit; the samples were stored at À80 C until use.
RNA libraries were prepared using the TruSeq LT Stranded mRNA Library Preparation Kit (Illumina, San Diego, CA, USA) according to the manufacturer's instructions. In brief, RNA was fragmented and dsDNA was prepared using the reagents and random primers provided in the preparation Kit. Two libraries were prepared, one from the cell pellet and the other from the supernatant for WMV, and a single library was prepared for KVPTV. Amplified libraries were cleaned and size-selected using AgencourtAMPure XP beads (BeckmanCoulter, Indianapolis, IN, USA). The libraries were quantified using KAPA Library Quantification Kit as per the manufacturer's protocol (Roche Biosystems, Indianapolis, IN, USA). The libraries were pooled in equimolar ratios and denatured with 0.1 N NaOH, which was neutralized using 0.1 M Tris (pH7.0). The denatured libraries were diluted to 1.8 pM using hybridization buffer before loading onto Illumina Miniseq mid-output 150 reagent cartridges. The resulting Fastq files were analysed using CLC Genomic Workbench (Qiagen, USA) Version 10. A de novo method was used to generate contiguous sequences from the pairedend reads and identified using BLAST. Further reference mapping was done to generate the complete sequence of WMV, and BLASTx was used to identify the ORFs of KVPTV.
Molecular characterization and phylogenetic analysis of orbiviruses
Complete nucleotide (nt) reference sequences for all 10 viral genomic segments of orbiviruses were retrieved from GenBank for analysis and comparison. These sequences were translated to amino acid (amino acid) sequences for further analysis. The putative functions of KVPTV and WMV genome segments were determined by comparing their sequences to those of other orbiviruses using BLASTx.
The characteristic RdRp domain was identified in the VP1 segment by aligning the amino acid sequences of the orbiviruses in question with the reference sequence using MEGA software version 7 [34] . A P-distance-based method was used to calculate percentage nt and amino acid divergence. In order to perform phylogenetic analysis, reference sequences were aligned using the ClustalW algorithm as used by MEGA version 7.0. A phylogenetic tree was generated in MEGA using the neighbour-joining method along with 1000 bootstrap replications. Tamura-Nei model was used to compute the evolutionary distance for nucleotide sequences to obtain the phylogenetic tree.
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